Abstract. Radiotherapy resistance remains a major obstacle for patients with breast cancer. miRNAs are important regulators in many biological processes including proliferation, apoptosis, invasion and metastasis and response to treatment in different types of tumors. Here, we describe the role of miRNA-144 in the regulation of radiotherapy sensitivity, migration and invasion of breast cancer cells. The cell survival rate of breast cancer cells was measured by WST-1 assay after irradiation. The caspase-3/-7 activity and apoptotic proteins were analyzed by Caspase-Glo3/7 assay and western blot analysis, respectively. The migration and invasion of breast cancer cells were evaluated by BD Transwell migration and Matrigel invasion assays. The EMT markers were detected by western blot analysis. We found that overexpression of miR-144 increased the proliferation rate of MDA-MB-231 cells without radiation. Both MDA-MB-231 and SKBR3 cells exhibited significantly increased radiation resistance after overexpression of miR-144. Meanwhile, the migration and invasion of both MDA-MB-231 and SKBR3 cells were changed by altered miR-144 expression. In addition, the overexpression of miR-144 inhibited E-cadherin expression and promoted Snail expression. miR-144 activated AKT by downregulation of PTEN in breast cancer cells. Our results strongly suggest that miR-144 acts as an important regulator of tumorigenesis and tumor progression of breast cancer. These results indicate that miR-144 might serve as a potential molecular target for breast cancer treatment.
Introduction
Breast cancer is the leading cause of death from cancer among women both in the developed and the developing world (1) .
Approximately 1 in 8 women (12%) in the United States will develop breast cancer during her lifetime (2) . In 2015, ~231,840 new cases will be diagnosed and ~40,290 women will die from breast cancer in the United States (3) . Radiotherapy is a highly targeted and effective treatment method that uses high-energy rays or particles to inhibit the progression of cancer. Radiation to the breast is often administered after breast-conserving surgery to destroy cancer cells in the breast that may not have been removed during surgery. Radiotherapy reduces the risk of breast cancer recurrence by 70%. However, the development of radioresistance is a significant issue after prolonged exposure in the treatment of breast cancer patients. Cancer stem cells (CSCs) have been identified as the important factor for radioresistance by promoting repair of DNA damage, redistribution of cells in the cell cycle, repopulation, and reoxygenation of hypoxic tumor areas (4) (5) (6) . In addition, CSCs produce a high level of antioxidant proteins and enhance their reactive oxygen species (ROS) defenses during radiotherapy (7) . Recently, Zhang et al found that zinc finger E-box binding homeobox 1 (ZEB1) plays an important role in radioresistance in breast cancer by promoting homologous recombination-dependent DNA repair (8) .
miRNAs are a class of small non-coding RNA molecules that regulate the expression of multiple target mRNAs by binding to the 3'-untranslated region (UTR) (9, 10) . The pattern of miRNA expression is associated with cancer type, stage and other clinical variables (11) . Recently, growing evidence suggests that miRNAs play important roles in the tumorigenesis and progression of breast cancer (12) (13) (14) . Some miRNAs are found to be upregulated, acting as oncogenes, while some miRNAs are found to be downregulated, acting as tumor-suppressor genes (15) . It has been reported that miRNA dysregulation is responsible for the radioresistance in breast tumors. For example, miR-95 is upregulated by ionizing radiation and enhances the proliferation and invasive potential of breast cancer cells by targeting the sphingolipid phosphatase SGPP1 (16) . miR-34 may protect breast cancer cells from nonapoptotic cell death (17) . Studies have shown that miR-144 is correlated with human disease (18) and modulates metastasis (19) .
Here, we examined the roles of miR-144 in breast cancer. We found that overexpression of miR-144 inhibited radiotherapy-induced apoptosis of breast cancer cells. Moreover, miR-144 also enhanced epithelial-mesenchymal transition (EMT) of breast cancer cells by activation of PTEN/Akt signaling. Our findings indicate that miR-144 may serve as a potential biomarker to predict the treatment reponse and prognosis of breast cancer and may be utilized as a target for novel therapeutic strategies.
Materials and methods
Cell lines and culture. The human breast cancer cell lines MDA-MB-231 and SKBR3 were obtained from the American Type Culture Collection (ATCC). MDA-MB-231 and SKBR3 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/ml of penicillin and 100 µg/ml of streptomycin (Sigma-Aldrich, USA). The cells were cultured at 37˚C in a humidified incubator in an atmosphere of 5% CO 2 -95% air.
Cell transfection. miR-144 mimics and anti-miR-144 inhibitor were purchased from GenePharma (Shanghai, China). When breast cancer cells reached 80% confluency, the miR-144 or anti-miR-144 inhibitor was transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The scrambled oligonucleotide was chosen as a negative control.
miRNA quantification by quantitative real-time polymerase chain reaction (qRT-PCR).
To detect miR-144 expression, total RNA was extracted with the mirVana miRNA isolation kit (Ambion, USA) according to the manufacturer's instructions. cDNA was synthesized from the isolated RNA with TaqMan microRNA reverse transcription kit. The PCR conditions were 95˚C for 5 min, followed by 35 cycles of 95˚C for 30 sec and 65˚C for 30 sec, and a dissociation stage. PCR was performed using the TaqMan Universal PCR Master Mix and BioRad CFX384 machine. The endogenous reference gene GAPDH was used for RNA quantification. The PCR primer sequences used were: 5'-GTCTCCTCTGACTTCAACAGCG-3' and 5'-ACCACCCTGTTGCTGTAGCCAA-3' (GAPDH).
Cell proliferation assay. Cell proliferation was assessed using the WST-1 assay (Roche, USA). Briefly, breast cancer cells, transfected with the scrambled oligonucleotide or miR-144 mimic, were seeded in triplicate in each well of 24-well plates at the density of 2x10 4 cells/well. After 12 h of culture, the cells were irradiated with different doses of ionizing radiation. On every other day, 10 µl of WST-1 was added to each well, and the plates were incubated for 1.5 h at 37˚C. Then 100 µl WST-1/medium solution was transferred to a 96-well plate. Optical density was measured at 440 (OD440) minus 600 nm using a microplate spectrophotometer. All experiments were carried out in triplicates.
Analysis of apoptosis. Breast cancer cells, transfected with either the scrambled oligonucleotide or miR-144 mimic, were seeded in 24-well plates at a density of 1x10 5 /well. After 18 h of incubation in an atmosphere of 5% CO 2 -95% air, the breast cancer cells were irradiated with different doses of ionizing radiation. The apoptosis was measured using the Caspase-Glo3/7 assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, the breast cancer cells were cultured for 36 h after ionizing radiation, then Caspase-Glo reagent was added to each well and incubated at room temperature for 8 h with gentle shaking. The luminescence value was measured with a luminometer (Thermo Labsystems) using 1 min lag time and 0.5 sec/well read time. The experiments were performed in triplicate.
Matrigel invasion assays. Cell invasion was examined by
Matrigel invasion assays according to the manufacturer's instructions. Briefly, breast cancer cells, transfected with either miR-144 mimic or the anti-miR-144 inhibitor, were placed on the upper BD BioCoat Matrigel Invasion Transwell insert (BD Biosciences, USA) in 0.5 ml DMEM with 0.1% BSA. DMEM containing 5% FBS was added to the lower chamber. After 24 h, the non-invaded cells were removed with a cotton swab, and the invaded cells were stained by Diff-Quik stain. The invaded cells were counted under microscopy. The percentage of invasion was expressed as the ratio of invading cells over cell number normalized on day 2 of the growth curve.
Cell lysate and western blot analysis. The transfected breast cancer cells were lysed with ice-cold RIPA buffer (Beyotime, China). The cell debris and insoluble material were removed by centrifugation at 4˚C. The cell lysates were mixed with loading buffer and boiled at 100˚C, and then the samples were separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Sigma-Aldrich). The membranes were incubated in 5% non-fat dry milk in Tris-buffered saline Tween-20 buffer (TBST: 10 mmol/l Tris-base, 150 mmol/l NaCl, 0.05% Tween-20; pH 7.4) for 1 h at room temperature to block non-specific antibody binding sites. Then the membranes were incubated overnight at 4˚C with primary antibodies (N-cadherin, Snail, Slug, vimentin, Twist, caspase-9, Bcl-2, Bax, AKT and PTEN; Cell Signaling Technology, USA) in TBST with gentle agitation. After being washed with TBST, the membranes were incubated with the horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The immune blot signals were visualized using the EasySee Western Blot kit (Transgen, China). The protein bands were detected by densitometric scanning (Tanon-1600 Gel Image System; Tanon, Shanghai, China).
Statistical analysis. Statistical analyses of the above results were performed using the Student's t-test using the SPSS program (version 11.0; SPSS Inc., USA). Differences were considered statistically significant at p<0.05.
Results

miR-144 promotes the survival of breast cancer cells following irradiation.
To examine the effect of miR-144 on radiation resistance in breast cancer cells, miR-144 was transiently transfected into MDA-MB-231 and SKBR3 cells with Lipofectamine 2000, and the cell survival rate was measured by WST-1 assay. As shown in Fig. 1A , we confirmed that the miR-144 expression level was significantly increased in the breast cancer cells using qRT-PCR (p<0.01). Without radiation, overexpression of miR-144 increased the rate of proliferation of the MDA-MB-231 cells (p<0.05, Fig. 1B) and SKBR3 cells (p<0.05, Fig. 1F ), as compared with the negative control. The MDA-MB-231 cells displayed significantly increased radiation resistance after overexpression of miR-144, as compared with the control cells (p<0.05, Fig. 1C-E) . The miR-144 mimic-transfected SKBR3 cells also exhibited increased radiation resistance (p<0.05, Fig. 1G-I ).
miR-144 inhibits radiation-induced apoptosis in breast cancer cells.
We further examined the effect of miR-144 on radiation resistance by apoptosis analysis. The miR-144 mimic was transiently transfected into MDA-MB-231 and SKBR3 cells with Lipofectamine 2000. Then the cells were irradiated followed by analysis of caspase-3/-7 activity. The expression of apoptotic proteins was evaluated by western blot analysis. We found that overexpression of miR-144 reduced the sensitivity of breast cancer cells to the effects of irradiation by inhibiting caspase-3/-7 activities (p<0.05, Fig. 2A and B) . As shown in Fig. 2C , the ability of irradiation to increase BAX and caspase-9 expression was inhibited as a result of miR-144 overexpression (p<0.05). The Bcl-2 expression was also increased in the miR-144-overexpressing cells (p<0.05, Fig. 2C ).
miR-144 promotes migration and invasion in breast cancer cells.
To further investigate the effect of miR-144 on cell aggression, we examined the effect of miR-144 on migration and invasion of breast cancer cells with Transwell migration and Matrigel invasion assays. As shown in Fig. 3A-D , the migration and invasion of the MDA-231 cells were enhanced after transfection with the miR-144 mimic. The same effects were observed in another breast cancer cell line SKBR3 (p<0.05, Fig. 3I-L) . In contrast, migration and invasion were decreased with anti-miR-144 inhibitor treatment in the MDA-231 cells (p<0.05, Fig. 3E-H ) and SKBR3 cells (p<0.05, Fig. 3M-P) .
miR-144 affects the expression of EMT proteins and activates AKT in breast cancer cells.
We next determined expression of EMT markers by western blot analysis after breast cancer cells were transfected with either the miR-144 mimic or the anti-miR-144 inhibitor. Expression of N-cadherin, vimentin and Snail was increased after breast cancer cells were transfected with the miR-144 mimic (Fig. 4A) . In contrast, decreased N-cadherin, vimentin and Snail was observed in the breast cancer cells transfected with the anti-miR-144 inhibitor (Fig. 4B) . We further found that the expression of AKT was increased, and the PTEN expression level was decreased in the breast cancer cells after transfection with the miR-144 mimic (Fig. 5A ). As shown in Fig. 5B , the transfection with anti-miR-144 inhibitor decreased the AKT protein level and increased PTEN expression in the breast cancer cells.
Discussion
Although the 5-year survival rate of breast cancer patients has been markedly improved due to early diagnosis and effect of treatment, the development of radiotherapy resistance is a significant issue in the treatment of breast cancer patients (20, 21) . Studies have shown that the development of radiotherapy resistance correlates with various signaling pathways that regulate cell survival, proliferation and apoptosis. For example, Tessner et al found that prostaglandin E2 inhibited radiation-induced apoptosis by activation of AKT and BAX translocation (22) . Zhang et al found that protein ZEB1 promotes radioresistance in breast cancer by regulating homologous recombination-dependent DNA repair (8) . Cellular response to ionizing radiation activates signaling pathways mediating the DNA damage response. Growing evidence has demonstrated that miRNAs are involved in the regulation of the DNA damage response (23) . Aberrant expression of miR-144 has been found in many different human cancers. Iwaya et al found that downregulation of miR-144 could predict the poor prognosis of colorectal cancer patients by activation of the mTOR signaling pathway (24) . Guo et al reported that miR-144 could regulate proliferation in bladder cancer cells by targeting enhancer of zeste homolog 2 (EZH2) (25) .
Buffa et al found that a high level of miR-144 is associated with poor prognosis in breast cancer (26) . In our study, we found that miR-144 increased the rate of proliferation of MDA-MB-231 and SKBR3 cells. Moreover, both MDA-MB-231 and SKBR3 cells displayed significantly increased radiation resistance after overexpression of miR-144. Our results indicate that miR-144 may play an important role in the radiation resistance of breast cancer cells.
Invasion and metastasis of aggressive breast cancer cells are the final and fatal step during cancer progression (27) . Metastasis is an extremely complicated multistep pathophysiological process involving intravasation, survival in circulation, extravasation, and colonization and growth at a distant site (28) . EMT is an important process during the metastasis of cancer cells. EMT is a biological process that allows a polarized epithelial cell to acquire a mesenchymal cell phenotype. These changes enhance the migratory capacity, invasiveness, and elevated resistance to apoptosis and are associated with the high aggressiveness or recurrence of tumors (29) . Commonly used molecular markers for EMT include E-cadherin, N-cadherin, Snail and vimentin (30) . Here, we showed that miR-144 enhanced the migration and invasion of MDA-MB-231 and SKBR3 cells after overexpression of miR-144. In contrast, the migration and invasion of MDA-MB-231 and SKBR3 cells were decreased when breast cancer cells were treated with the anti-miR-144 inhibitor. Moreover, we found that the expression level of EMT biomarkers was altered in breast cancer cells with aberrant expression of miR-144. These results indicate that miR-144 plays important roles in breast cancer progression.
PTEN, a tumor-suppressor gene, plays important roles in the regulation of tumor cell growth, cell cycle, apoptosis, invasion and metastasis (31) . The loss or mutation of PTEN in many primary and metastatic human cancers leads to activation of the phosphoinositide-3-kinase (PI3K)-PKB/Akt signaling pathway (32) . Studies have demonstrated that PTEN is important for breast cancer development and prognosis (33, 34) . Recent studies have shown that PTEN signaling plays roles in EMT and metastasis (35) . Growing evidence has shown that miRNAs play critical roles in the regulation of tumor development, progression and prognosis by directly targeting the PTEN/Akt signaling pathway (36, 37) . In the present study, we found that miR-144 decreased the expression of PTEN and increased the expression of pAKT in the MDA-MB-231 and SKBR3 cells. These results indicate that the PTEN/Akt signaling pathway may be targeted by miR-144 in breast cancer. miR-144 plays important roles in breast cancer and radiotherapy resistance through the PTEN/Akt signaling pathway.
In summary, miR-144 plays important roles in the regulation of tumorigenesis and malignant progression in breast cancer. miR-144 may be a potential molecular target in breast cancer treatment in the future.
